Large gullies occur globally and can be classified into four main micro-topographic types: ridges, plane surfaces, pipes and cliffs. Afforestation is an effective method of controlling land degradation worldwide. However, the combined effects of afforestation and micro-topography on the variability of soil moisture remain poorly understood. The primary objectives of this study were to determine whether afforestation affects the spatial pattern of the root-zone (0-100 cm) soil moisture and whether soil moisture dynamics differ among the micro-topographic types in gully areas of the Chinese Loess Plateau. The results showed that in the woodland regions, the spatial mean moisture values decreased by an average of 6.2% and the spatial variability increased, as indicated by the standard deviation (17.1%) and the coefficient of variation (22.2%). In general, different microtopographic types exerted different influences on soil moisture behavior. The plane surface presented the largest average soil moisture values and the smallest spatial variability. The lowest soil moisture values were observed in the ridge, mainly due to the rapid drainage of these areas.
INTRODUCTION
Soil moisture plays a significant role in land-surface ecosystems (Rodriguez-Iturbe et al. ) and usually exhibits highly variable patterns that are jointly affected by precipitation, vegetation, topography, and soil properties (Vereecken et al. ) . Large gullies, which often occur in areas with loess soils, represent an important form of severe land degradation (Melliger & Niemann ) and can reduce the agricultural potential and grazing value of a given region (Avni ) . Moreover, gully erosion may represent the dominant soil erosion process in a watershed demonstrated that gullies increased soil moisture spatial variability but did not have a significant influence on the spatial means. These authors also reported that gully bottoms tend to be wetter and their sidewalls tend to be drier than upland soils, likely due to the lower evapotranspiration rates and the rapid drainage of gully bottoms and sidewalls, respectively. Gao et al. () examined deep soil moisture (0-160 cm) and its variability along three transects within a well-developed gully in the Chinese Loess Plateau; they reported that the mean value, the standard deviation (SD), and the coefficient of variation (CV) of soil moisture varied with depth and time. Furthermore, Gao et al. () also studied the root-zone soil moisture (0-80 cm) within the Loess Plateau and illustrated that the gullies in this region present lower soil moisture content than the nearby uplands; however, the authors did not examine the effects of gullies on soil moisture spatial variability. Gao et al. 
MATERIALS AND METHODS

Study area
This study was performed in the Jiegou catchment (36 56 0 N, Note: The plant cover is the percentage of area covered by plant; the mean canopy height in native grassland is the mean height of herbs and grasses and in woodland is the mean value of trees; the tree DBH is the average tree diameter at breast height. The soil properties are mean values of sampling points at a depth of 0-10 cm.
A portable Trimble GPS receiver was used to determine the latitude, longitude, and elevation of each sampling point.
A geological compass was also used to determine the slope gradient and slope aspect of all sampling points. Table 2 presents an overview of the terrain attributes of these sampling points.
Analytical methods
This study uses gravimetric soil moisture data obtained at depths of 0-100 cm. The depth, spatial and temporally averaged soil moisture (
as follows:
where θ i,j,k represents soil moisture at position i, time j, and depth k; N k represents the number of measurement layers at total number of observational times (N j ¼ 4). The corresponding depth and temporal variances at each position are defined, respectively, as follows:
Furthermore, the temporally averaged soil moisture at each position i and each depth k is calculated, respectively, as follows:
The corresponding variance at each position i and each depth k is as follows:
In addition, the total mean of the root-zone moisture profile and its corresponding variance are further calculated using the following equations:
The CV, which is defined as the ratio of the SD to the 
RESULTS
Soil moisture variability of the root-zone profiles Table 3 and narrower than the others; thus, the soil in this transect experiences less infiltration during and after the *Different lower-case letters represent significant differences at the 0.05 probability level (determined using the least significant difference (LSD) test). (2), (7), and (9)).
Correlation between the mean and variance of moisture content
In general, the overall absolute variability of soil moisture is determined by measuring the variance in soil moisture. (1) and (4)).
DISCUSSION Effects of micro-topography on soil moisture
Soil moisture is the most important state variable controlling plant growth on the Loess Plateau of China.
Characterizing soil moisture profiles at gullied areas has profound implications for understanding hydrological processes and contributing to the sustainability of vegetation restoration, especially in arid and semi-arid regions (Wang et al. ) . Micro-topography type influences soil moisture distribution in regions with complex terrain (Gao et al. ) , a finding that is important for the improvement of land use management in gullied areas. In the present study, significant differences (P < 0.05) in soil moisture profiles were detected among micro-topography types (Table 3) (3) and (5)).
The effects of micro-topography on the soil moisture pattern are dependent on the soil layer. As expected, the ridge has the lowest soil moisture content in all soil layers (Table 3) The significance of the correlations in soil moisture in the upper and lower soil layers differs among the three microtopography types. For example, soil moisture in the ridge and plane surfaces displays significant correlations (P < 0.05) in the lower layers (40-100 cm), whereas soil (Table 5 ). These results demonstrate that slope aspect and slope gradient exert stronger topographic control of soil moisture variability than other topography factors in gullied areas.
Effects of vegetation type on soil moisture in gully areas
In the present study, differences in soil moisture content between natural grasslands and woodlands are used to determine the differences in soil moisture resulting from different vegetation types in gully areas. Wang et al. () found that vegetation type significantly influenced mean soil moisture profiles; that is, grassland had more soil moisture content than woodland. Therefore, soil desiccation is more likely to occur in woodland, which is consistent with the results of the present study and previous studies ( Overall, these results demonstrate that the statistical distribution of soil moisture is highly dependent on microtopography and vegetation type. Therefore, micro-topography and vegetation type should be considered when attempting to characterize the variability of soil moisture within large gullies of the Loess Plateau and when characterizing soil moisture variability in other heavily gullied regions worldwide. To achieve sustainable vegetation restoration in semi-arid gullied regions, micro-topography should be scientifically evaluated, and its effects on local soil moisture variability should be determined.
